While in other parts of the world it is on decline, incidence of HIV infection continues to rise in the former Soviet Union (FSU) countries. The present study was conducted to investigate the patterns and modes of HIV transmission in FSU countries. We performed phylogenetic analysis of publicly available 2705 HIV-1 subtype A pol sequences from thirteen FSU countries: Armenia, Azerbaijan, Belarus, Estonia, Georgia, Kazakhstan, Kyrgyzstan, Latvia, Lithuania, Moldova, Russia, Ukraine and Uzbekistan. Our analysis showed that the clusters from FSU countries were intermixed, indicating a possible role of transmigration in HIV transmission. Injection drug use was found to be the most frequent mode of transmission, while the clusters from PWID and heterosexual transmission were intermixed, indicating bridging of HIV infection across populations. To control the expanding HIV epidemic in this region, harm reduction strategies should be focused on three modes of transmission, namely, cross-border migration, injection drug use and heterosexual.
Introduction
Regarding prevention and control of HIV infection, the global situation has been encouraging over the past few years. Recently, the rate of new HIV infections has slowed down, with an estimated annual number of new infections among adults remaining nearly static at about 1.9 million in 2015 [1] . During the same period, however, the annual estimate of new HIV infections in Eastern Europe and Central Asia increased by an alarming 57% [1] . In the Union of Soviet Socialist Republics (USSR), the first case of HIV infection was recorded in the 1980s [2] . Following that, further transmission of HIV-1 was recorded after the collapse of the USSR in 1991 [2, 3, 4] . During the years that followed, deterioration of socio-economic situation in the former Soviet Union (FSU) countries, coupled with visa-free cross-border movement, led to massive migrations within the Commonwealth of Independent States (CIS) countries [5, 6] . This cross-border migration facilitated, among other things, transmission of infectious diseases a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 within the FSU countries. With large-scale production of opiates in the neighboring countries, and the southern Caucasus being a transit point for the trafficking of drugs between Europe and Asia, a remarkable rise in injection drug use was observed in the FSU countries [7] . Not surprisingly, the early HIV epidemic in the region originated amongst, and was initially driven by, people who inject drugs (PWID) [6, 8] , and then spread into heterosexual population, where now the prevalence has surpassed that in PWID in most countries (Table 1) [6, 9, 10, 11, 12] . In addition to PWID and heterosexual communities, migrant workers, that are known to be an important transmission vehicle for infections, such as tuberculosis [3] and viral hepatitis [13] , may also have played a role in HIV transmission within FSU countries [5] .
From the FSU countries, several studies have been reported the incidence and prevalence of HIV, and viral sequences have been sporadically deposited into global databases. However, a comprehensive study that takes into account the state of the epidemic and its patterns and modes of transmission within this region is still lacking. In the current study, using publicly available HIV sequences deposited during the years 1986-2015, we have analyzed the distribution of HIV-1 subtype A, the most prevalent subtype in the region, in thirteen FSU countries, namely, Armenia, Azerbaijan, Belarus, Estonia, Georgia, Kazakhstan, Kyrgyzstan, Latvia, Lithuania, Moldova, Russia, Ukraine and Uzbekistan.
Methodology
To examine HIV transmission networks in FSU countries, 2705 publicly available HIV-1 subtype A pol sequences were downloaded from the Los Alamos HIV Sequence Database (data available as of April 3, 2016) (1997) , Russia (1986 Russia ( -2015 , Ukraine (1996 Ukraine ( -2012 , and Uzbekistan (1999) (2000) (2001) (2002) . These sequences were aligned, edited, and used for the construction of phylogenetic tree as described elsewhere [14] http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0093415. Briefly, the sequences were aligned and edited using the software MEGA6.0 (www.megasoftware.net). The tree was drawn to scale, with branch lengths measured in the number of substitutions per site. Recombinant and duplicate sequences were identified using, respectively, Recombinant HIV-1 Drawing Tool v2.1.0 and ElimDupes (www.hiv.lanl.gov), and were removed. Long branches on the tree were re-confirmed for their genotype and those found miscatalogued were eliminated 
Results

Distribution of subtypes
We analyzed 2705 HIV subtype A pol sequences from thirteen FSU countries. The sequences were downloaded from HIV Los Alamos Database (www.hiv.lanl.gov) and from National Center for Biotechnology (NCBI). Phylogenetic analysis of these sequences showed that HIV-1 subtype A sequences were most predominant from all FSU countries in our study except for Kyrgyzstan and Estonia, where the most represented sequences were of CRF02_AG and subtype 06_cpx, respectively ( Table 2) . A considerable number of CRF02_AG sequences were also deposited from Kazakhstan. At low frequency, CRF03_AB and subtype B were also found in the FSU countries. Among other subtypes, circulating recombinant forms, and unique recombinant forms represented at low frequencies were CRF01/G, CRF01/AE, CRF02/A, CRF03/A, CRF06/A1, CRF06_cpx, CRF07/BC, CRFA1/B, and subtypes C, D, and G (Table 2) . 
Phylogenetic analysis
Since it was the most represented subtype from FSU countries, we focused our analyses on HIV subtype A. A phylogenetic tree was constructed to analyze the relationship between subtype A pol sequences in thirteen FSU countries: Armenia, Azerbaijan, Belarus, Estonia, Georgia, Kazakhstan, Kyrgyzstan, Latvia, Lithuania, Moldova, Russia, Ukraine and Uzbekistan, from the years 2009, 2001-2002, 1997-2014, 2001-2010, 1998-2003, 1997-2013, 2002-2010, 1998-2008, 1997-2007, 1997, 1986-2015, 1996-2012 and 1999-2002 , respectively. 34 reference sequences of subtypes other than A were also retrieved from the Los Alamos Database and used as outliers to root the tree. The resulting tree clearly showed that the clusters from Baltic, Eastern European, Central Asian and Caucasus countries were inter-mixed with Russian strains, which indicated potentially overlapping transmission routes between Russia and other FSU countries (Fig 1A) . Since the number of sequences included from Russia was proportionally much higher, and because the sequence similarities overlapped among these countries, the phylogenetic clusters from other FSU countries became interspersed with Russian clusters. To get a clear idea of the transmission patterns within these countries, we constructed a second tree excluding all Russian sequences. This tree revealed a clearer picture of the phylogenetic relationship between the HIV sequences among the FSU countries (Fig 1B) . A considerable intermixing of HIV-1 subtype A sequences from the 12 countries was observed. Interestingly, Ukraine sequence from the year 2001 formed ancestral node for the rest of the sequences (Fig 1B) . Two monophyletic clusters were formed, each from Belarus (clusters A and D) and Kazakhstan (clusters B and C). The cluster from Kyrgyzstan (cluster H) showed presence of a few Armenia and Belarus sequences. Discrete clusters were also formed by sequences from Uzbekistan and Latvia. Uzbekistan sequences were observed intermixing with clusters F and G. The monophyletic cluster G observed at the bottom of the tree was mainly composed of the sequences deposited representation of varied sequences within certain clusters possibly reflected migrant-associated HIV transmission within these countries. By comparing this tree with the one that included Russian sequences, it was possible to observe that the overall relationship among phylogenetic clusters from the six FSU countries remained consistent with or without the Russian sequences (Fig 1C) .
High risk group analysis
To explore the modes of HIV transmission among FSU countries, the tree in Fig 1A was further analyzed in the context of high-risk behavior . Fig 2A depicts a subtree that was constructed from the tree in Fig 1A with the branches colored according to the high-risk groups. To obtain a clear picture of transmission across high-risk groups, sequences for which risk group information was unavailable were discarded from this subtree. As a result, sequences from Lithuania and Estonia were excluded. This analysis revealed that sequences represented most from the FSU countries were heterosexual (HS) or PWID-associated, with the third most represented being homosexual (MSM) transmission (Fig 2A) . An overall intermixing of sequences from PWID and hetero-/homo-sexual clusters was observed, possibly indicating bridging of HIV infection between the two groups. To analyze any possible association between countries and high-risk groups, the tree-branches in Fig 2A were re-colored based on county of origin, and the two versions of the tree were then juxtaposed (Fig 2B) . In juxtaposed trees, cluster A with sequences mainly from Kazakhstan mixing with Armenia, showed predominance of HS transmission with some representation from PWID. Conversely, Cluster B, dominated by sequences from Kyrgyzstan, showed preponderance of PWID-associated sequences mixed with those from HS. Cluster C, with sequences from Kazakhstan and Armenia showed intermixing of PWID and HS-associated transmission. Both clusters D and E representing sequences mainly from Russia and Kazakhstan, interspersed with a few sequences from Kyrgyzstan, showed intermixing of sequences mainly from PWID and HS with a few that were MSM-associated.
Discussion
In this study, using publicly available sequence data, we have analyzed the distribution of HIV-1 subtype A in thirteen FSU countries, namely, Armenia, Azerbaijan, Belarus, Estonia, Georgia, Kazakhstan, Kyrgyzstan, Latvia, Lithuania, Moldova, Russia, Ukraine and Uzbekistan. Focusing on HIV-1 subtype A, the most prevalent subtype in these countries, we performed phylogenetic analysis to determine the patterns of viral transmission in these countries. Our analysis revealed a considerable intermixing of HIV-1 subtype A sequences, possibly alluding to a high rate of transmigration-associated HIV transmission. Our analysis also indicated an association of HIV transmission with PWID and heterosexual populations.
Earliest reports of HIV transmission in FSU countries reflected repeated transmission of HIV-1 subtype A within the populations of these countries. For instance, at the beginning of the 21st century, the majority of people living with HIV in FSU were infected with an almost entirely homogeneous variant of HIV-1 subtype A, that later became known as A FSU [2] . This was evidently a large-scale founder effect that, as a result of transmigration, led to the transmission of A FSU in many FSU countries [2, 3, 4] . Additionally, CRF02_AG and Subtype B FSU are reported to be the second most prevalent subtypes in former FSU countries [2] , which was also the observation we made in our analysis. CRF02_AG was first reported in Uzbekistan (4.9%) in 1999-2000 [15] . The spread of CRF02_AG in FSU countries has been linked to the influx of the Central Asian labor forces and pathogenic fitness of the strain [2] . CRF02_AG is also thought to have been transmitted through transmigration most likely from Uzbekistan and Cameroon [6] . Subtype B, found to some extent in all FSU countries, is linked to labor migrants in Russia from Ukraine, and is thought to have been transmitted through unprotected sex among MSM, PWID and heterosexuals [2] .
According to several reports, Ukraine is the place where HIV variant A FSU originated and initially spread among PWIDs [12] . As can be seen from our analysis (Fig 1) , HIV sequences HIV-1 subtype A in former Soviet Union countries from Ukraine did not only form ancestral node for, but also penetrated, the clusters from other FSU countries. Among the FSU countries, the burden of HIV epidemic is highest in Russia, with 742, 631 cases reported in 2015 [16] . There was a 13% increase in the incidence of new cases in 2014, compared to 2013 [16] . Owing to its relatively stronger economy, migration from other FSU countries to Russia is high, which might play a role in epidemiological bridging of HIV transmission between Russia and other FSU countries. In 2010, representation of migrant force in Russia was from Armenia (10.38%), and Azerbaijan (7.56%), Belarus (2.56%), Estonia (0.33%), Georgia (2.74%), Kazakhstan (14.54%), Kyrgyzstan (10.91%), Latvia (0.42%), Lithuania (0.22%), Ukraine (14.35%), and Uzbekistan (12.57%) [17] . Indeed, our phylogenetic analysis revealed a dense intermixing of HIV sequences between Russia and other FSU countries (Fig 1A and 1C) -a possible evidence of migrant-associated HIV transmission. Clusters from all FSU countries heavily intercalated with Russian sequences, indicating close sequence similarity among the HIV sequences from Russia and other FSU countries. This observation is in agreement with high rate of transmigration from other FSU countries to Russia, likely facilitating the bridging of HIV transmission networks in the region.
When phylogenetic analysis was performed without Russian sequences, a clearer picture of transmission networks was revealed with discrete clustering as well as intermixing of sequences observed between the FSU countries. A major high-risk group involved in HIV transmission among FSU countries is migrant workers (Table 1) . Among the Commonwealth of Independent States, the share of migrant workers from the Central Asian countries amounts to 80-90% and from European part of CIS is over 50% [5] , indicating high mobility of migrants within this region, that may possibly facilitate transmission of infectious diseases. Indeed, in our phylogenetic analysis, certain clusters of HIV sequences from FSU countries showed intermixing between countries that are known to involve in migrant exchange. (Fig 1B) . In the high-risk analysis, Kazakhstan sequences, mostly associated with PWID, HS, and MSM transmission were found intermixed with sequences from several FSU countries, including Armenia, Kyrgyzstan, and Russia. As Kazakhstan was one of the fastest economically growing country after the collapse of Soviet Union, in the period between 1997 and 2006, the traffic of migrants in Kazakhstan increased significantly, making Kazakhstan the country that received the ninth highest number of immigrants in the world [17] . This influx of migrants may have served as a route for HIV transmission in and out of Kazakhstan. Indeed, migrant movement between these countries has been reported [18, 19] , which may have led to cross-border HIV transmission. Another possibility is that bridging of infection might have occurred through Russia that served as a hub for migrant traffic across CIS. In fact, the main countries of destination for Kyrgyz and Armenia migrants are known to be Russia and Kazakhstan [19] . It is estimated that over 529 000 Kyrgyz labor migrants came to Russia in 2013 [19] .
Drug trafficking routes that originate from opiate-producing central Asian countries, such as Afghanistan [20] crisscross in central Asia, with the "Northern route" of drug trafficking passing directly through the Central Asian region to Russia, the South Caucasus and then to Europe. Since the mid-1990s, there has been an important shift in drug trafficking volumes away from the Western towards the Northern route [21] , with 20% of Afghan production now passing through Central Asia [22] . This is reflected in the cluster B (Fig 2B) , where Kyrgyz sequences are found mixing with those from Georgia and Armenia; all three countries are located on this route. This increased drug trafficking may have played a major role in the early spread of HIV among PWID in FSU countries. However, according to recent reports, while in the past HIV epidemic in FSU countries was mostly concentrated among PWID, it is now bridging into heterosexual population (Table 1) . In Kazakhstan, for the HIV infections reported in 2002, PWID-related transmissions accounted for more than 90% of the total [23] . Following the initial massive founder effect, HIV-1 subtype A is now reported to show gradual mutational drifts, possibly owing to the switching of the route of transmission from PWID to heterosexual population, and also due to the mobility of FSU citizens in to countries outside the Central Asian region [2] . Analysis of high risk behavior we performed in conjunction with phylogeny did, indeed, show that in the HIV sequences we studied the infection were mainly associated with PWID, while indications of bridging from this to the heterosexual, and to some extent to homosexual, population were also observed (Fig 2A & 2B) .
Conclusion
During that last decade, HIV cases have continued to rise in the FSU countries. The phylogenetic analysis we present here indicates that HIV transmission in these countries has occurred mainly through PWID communities and is now emerging among the hetero-and homo-sexual population. Additionally, our phylogenetic analysis shows an intermixing of phylogenetic clusters that are likely to have resulted from transmigration within FSU countries. It therefore follows that the high-risk groups that need to be the focus of harm reduction policies are PWID, heterosexual population and migrant labor. It should be pointed out that the observations presented here were limited by the HIV sequences available to us through public databases. We were thus able to analyze sequences that were deposited only up to 2015. To get a more realistic picture of the evolving HIV epidemic in FSU countries, prospective studies should be designed to analyze HIV sequences periodically from the high-risk groups in this region. 
Supporting information
